The morphological and anatomical analyses of leaves in the serpentine ecotype of Adenophora triphylla var. japonica (Regel) H. Hara were carried out. In comparison to the normal type of this variety, the serpentine ecotype has a narrower leaf due to decrease in the number and size of cells. The stenophyllization process of the serpentine ecotype is similar to that of the rheophytic ecotype. The study further indicates that the decreased number and size of cells is a general tendency in stenophyllization. By contrast, leaf thickness and stomatal density of the serpentine ecotype differed significantly from those of the rheophytic ecotype, suggesting that the two ecotypes are differently adapted to solar radiation and evaporation.
Introduction
Most plants evolved from pre-existing taxa as populations adapt to local conditions. Although this topic has been extensively researched (Kruckeberg, 1951 (Kruckeberg, , 1954 (Kruckeberg, , 1967 Rajakaruna et al., 2003; Wright et al., 2006) , the mechanisms of plant edaphic adaptation are not fully understood. Serpentine (ultramafic) soils provide an exceptional system for studying edaphic adaptation, because plant adaptation to them is widespread geographically and phylogenetically and involves similar tolerances to unique edaphic factors (Brady et al., 2005) . Serpentine soils are characterized by high (potentially toxic) concentrations of Ni and Mg, low concentrations of plant nutritional elements, and a low Ca: Mg ratio (Brady et al., 2005) . In addition, they are dry because of their granular texture. Although a range of chemical and physical factors influence plant growth, high Ni concentrations and a abnormal Ca: Mg ratio are considered to be crucial for plant survival (Brady et al., 2005) . Serpentine soils are associated with a unique vegetation, which is sparse and often includes a high proportion of endemics (Kruckeberg, 1954) . Thus, serpentine floras provide an excellent opportunity to examine mechanisms of endemism that have evolved to withstand heavy metals (Kruckeberg, 1954; Brady et al., 2005) .
A number of plants have adapted to the serpentine environments of Japan. Most of these species have morphological characteristics such as narrower leaves and thinner stems. For example, Hayakawa et al. (2012) demonstrated that the narrow leaf of the serpentine endemic Aster hispidus Thunb. var. leptocladus (Makino) Mot.Ito was associated with a decreased cell number in the horizontal leaf axis, compared with the closely related A. hispidus var. hispidus. This anatomical difference may be a general tendency of species to adapt to serpentine environments. However, investigations have only recently been initiated, and the mechanism of adaptation remains unclear.
by the present workers with narrower leaves and thinner stems ( Figure 1 and Figure 2 ) in some areas of Kochi Prefecture, Japan, where other serpentine taxa such as Aster hispidus var. leptocladus and Scabiosa japonica Miq. are sympatric. Interestingly, the leaf morphology of the serpentine ecotype was similar to that A. triphylla var. japonica, despite the environmental differences between rheophytic and serpentine areas. We performed morphological and anatomical analyses of the leaves, and compared our results with previously published data on the rheophytic ecotype (Ohga et al., 2012) . 
Materials and Methods

Plant Materials
All samples of Adenophora triphylla var. japonica examined in this study were collected from fields in 2011. A total of 66 individuals, representing two populations inhabiting serpentine soils (Shingu: Kochi City, Kochi Prefecture [33°60'N, 133°49'E]; Oko: Nankoku City, Kochi Prefecture [33°59'N, 133°62'E]), were sampled from across the species range.
Morphological Analyses
For morphological analysis, individuals were measured for the following continuous macromorphological variables of leaves: (i) length and width of leaf blade; (ii) thickness of leaf; and (iii) angle of leaf base. Measurements were determined using a digital calliper. Leaf measurements were made from the fully expanded leaf at the middle portion of the plant height. The leaf index values were calculated as the ratio of the leaf length to the leaf width, according to Tsukaya (2002) .
Anatomical Analyses
For anatomical analysis, the fully expanded leaves at the middle portion of the plant height were collected from each individual. To count the number of cells on the blade, the leaf surface was peeled off by means of Suzuki's Universal Micro-Printing (SUMP) method (Figure 3) . The middle part of the blade along the midrib was analyzed to determine the number and size of adaxial epidermal cells and stomatal numbers. Replicas of each leaf (1 cm 2 ) were made to measure stomatal density. The copied SUMP images were examined twice for each leaf, using a light microscope.
Molecular Analyses
For the molecular analyses, total DNA was isolated from flesh leaves using a Plant Genomic DNA Mini Kit (VIOGENE, Sunnyvale, USA), according to the manufacturer's protocol. After this, we amplified the internal transcribed spacer (ITS) region from nrDNA using primers designed by White et al. (1990) . DNA was amplified by PCR in a 50-µl reaction volume containing approximately 50 ng total DNA, 10 mM Tris-HCl buffer (pH 8.3) with 50 mM KCl and 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 1.25 units Taq DNA polymerase (TaKaRa), and 0.5 µM of each primer. We used the following thermal cycle profile for amplification: 1.5 min at 94 °C, 2 min at 48 °C, and 3 min at 72 °C, for 45 cycles, followed by a 15 min extension at 72 °C. After amplification, PCR products of the ITS region, were subjected to electrophoresis in 1% low-melting-temperature agarose gels with the aim to remove by-products and purify the amplified products. We sequenced the purified PCR products using BigDye Terminator ver. 3.1 (Applied BioSystems) and ABI Prism 3100 Genetic Analyzer (Applied BioSystems) according to the manufacturer's instructions. For sequencing, we used the same primers as those used for amplification.
Phylogenetic Analyses
To construct phylogenetic trees, the sequences were aligned using Clustal W (Thompson et al., 1994) with default settings. The positions of insertions and deletions (InDels) were manually determined and excluded the InDels for phylogenetic analysis. To assess the relationships between sequences, we constructed phylogenetic trees from the DNA sequences using Neighbour-joining (NJ), Maximum likelihood (ML), and Bayesian (BI) methods. The best-fit model of sequence evolution was calculated using the Akaike information criterion (AIC) with PAUP 4.0b10 (Swofford, 2002) and Modeltest v3.7 (Posada & Crandall, 1998) . NJ and ML analyses were performed under the best-fit model using PAUP 4.0b10 and TreeFinder (Jobb et al., 2004) , respectively. For the NJ and ML analyses, confidence in tree topology was tested using non-parametric bootstrap analysis (Felsenstein 1985) with 1000 replicates. Table 1 . In comparison with the other populations, including the normal and rheophytic, the Shingu population had a significantly smaller mean leaf width and mean angle of leaf base. Additionally, the mean leaf thickness differed significantly between the serpentine and rheophytic ecotypes. Moreover, the mean leaf size differed significantly between the serpentine and normal populations. The leaf index of the Oko population did not differ significantly from that of the rheophytic ecotype. By contrast, the leaf index of the Shingu population was significantly larger than that of the rheophytic ecotype. The mean adaxial epidermal cell size was calculated using the mean epidermal cell length and mean epidermal cell width measured from SUMP samples of the serpentine ecotypes from all of the investigated localities (Table 1) . The mean epidermal cell length did not differ significantly between the Shingu and Oko populations. By contrast, the mean epidermal cell width of the Shingu population was significantly smaller than that of the Oko population. Moreover, with the exception of the Oko population, the mean epidermal cell lengths and mean epidermal cell widths of the serpentine and rheophytic ecotypes were significantly smaller than those of the normal populations. The mean epidermal cell number was calculated from the mean leaf size and mean cell size. The mean epidermal cell number of the Shingu population was significantly lower than that of the Oko population. However, there were no significant differences in mean epidermal cell numbers between the serpentine and rheophytic ecotypes. By contrast, the stomatal densities of the serpentine populations were significantly lower than those of the rheophytic.
To reveal the phylogenetic relationship among ecotypes of Adenophora triphylla var. japonica, we conducted phylogenetic analyses of nuclear ITS sequences using ecotypes (serpentine and rheophytic) of this species adding to fifteen previous published sequences of Adenophora species (Figure 4 , Table 2 and Table 3 ). Our phylogenetic trees based on the NJ and ML methods indicated that individuals of A. triphylla var. japonica were consisted in a monophyletic group with a high bootstrap value. In addition, there is no sequence substitution among ecotypes of A. triphylla var. japonica (serpentine, rheophytic, and normal types). 
Discussion
Some populations of plant species that occupy adjacent and contrasting soil environments present distinct advantages for the study of local adaptation. Contrasting edaphic environments can create contrasting selection pressures, while the close proximity of populations increases the opportunity for gene flow. In the present study, the morphological leaf differences between the serpentine and non-serpentine forms of Adenophora triphylla var. japonica are evaluated. Serpentine soils provide a hostile habitat for non-adapted plant populations. Evidence suggests that trait differences potentially involved in serpentine adaptation have diverged between serpentine and non-serpentine ecotypes, as a consequence of consistent directional selection. Based on comparative morphological analyses, Ohga et al. (2012) demonstrated, as expected, that the leaf of the rheophytic ecotype of A. triphylla var. japonica was narrower than that of the normal type. The present results indicate that the leaf morphology of the serpentine ecotype of this species is similar to that of rheophytic ecotype but for the leaf thickness which differs significantly between them (Table 1) . Interestingly, a decrease in the number and size of leaf cells contributed to the stenophyllization process in both (Table 1) . Moreover, the adaptation in serpentine soils seems to occur in short time because of no nucleotide polymorphism in A. triphylla var. japonica of Japan (Figure 4) . Altogether, these findings suggest that similar stenophyllization processes exist, but that each ecotype is adapted to different conditions of riverside and serpentine environments. Furthermore, the leaf thickness and stomatal density differed significantly between the serpentine and rheophytic ecotypes, but not between the serpentine and normal types (Table 1) . Thus, it appears that the rheophytic ecotype possesses additional adaptation to solar radiation and evaporation in riverside areas.
Members of Campanulaceae, including A. triphylla var. japonica, are located at the ancestral position of Asteraceae, and belong to Asterales (Soltis et al., 1999) . The anatomical study of the serpentine plant, Aster hispidus var. leptocladus indicated that the leaf morphology was differentiated in terms of number and size of cells . Moreover, the stenophyllization process in the leaves of the rheophytic plants Dendranthema yoshinaganthum (Makino ex Kitam.) Kitam. (Tsukaya, 2002) and Aster ovatus var. ripensis (Makino) Mot.Ito and Soejima (Aster microcephalus var. ripensis Makino -Yamada et al., 2011) was derived from the similar processes. These findings suggest that adaptation to serpentine and rheophytic environments involves stenophyllization with regard to the number and size of cells in a leaf. Thus, this process appears to be a general tendency in members of the Asterales.
To summarize, the existence of stenophyllization in the leaf of the serpentine ecotype of A. triphylla var. japonica is demonstrated. However, the leaf index differed significantly between the two investigated serpentine areas. Hayakawa et al. (2012) observed that the leaf index of the serpentine species, Aster hispidus var. leptocladus, differed according to serpentine areas, and proposed that leaf morphology was involved not only in stenophyllization, but also in minitualization. 
